The Drosophila genome encodes a protein that is 68% identical to Drosophila calmodulin (Cam). We show here that this Cam-related gene is speci®cally expressed in the germ-line of the testis, leading to the name Androcam (Acam). Early in spermatogenesis Acam accumulates on one of the chromatin loops of the Y chromosome, kl-3. This association with kl-3 may indicate an RNA processing-related role for Acam and/or could re¯ect an unusual storage/assembly function hypothesized for the Y loops. After meiosis Acam is detectable in developing sperm tail cytoplasm, where at least some of the protein is not tightly associated with tubulin. Late in spermiogenesis, some Acam staining overlaps the periphery of the investment cones, actin-containing structures hypothesized to support the motor function for cytoplasmic stripping of the tail. Acam cannot be detected in mature sperm by immunolocalization, but immunoblotting established that Acam is present in sperm stored in mated females, suggesting epitope masking during ®nal maturation. Proteins more related to Acam than Cam are present in the testes of other Drosophila species and a mammalian species, the mouse. q
Introduction
The Ca 21 signaling protein calmodulin (Cam) is found in all eukaryotic cells, and controls numerous targets, including enzymes, ion channels and cytoskeletal proteins (for reviews, see Cohen and Klee, 1988; Van Eldik and Watterson, 1998) . Cam is one of the most evolutionarily conserved proteins known. All higher vertebrates have the same Cam protein sequence and the Cam of Drosophila melanogaster, an invertebrate, differs from this sequence by only three conservative substitutions. This remarkable conservation presumably re¯ects considerable functional constraint on the protein. In most species, a single Cam protein is found throughout the organism. In mammals, for example, all three functional Cam genes encode the same protein sequence (Nojima, 1989) . However, in the sea urchin Arbacia punctulata (Hardy et al., 1988) and the Naegleria¯agel-lates (Fulton et al., 1986) , two separate genes encoding slightly different Cam proteins are expressed.
In addition to Cam itself, most organisms possess genes encoding highly-related Ca 21 binding proteins. The isoforms of troponin C are the best-characterized of these proteins, showing 40±50% identity to Cam. In screening for Cam-related genes in Drosophila melanogaster, we identi®ed a single gene (Doyle et al., 1990) for which a cDNA clone was isolated by Fyrberg et al. (1994) . The encoded protein is 147 residues, one amino acid shorter than Cam, and is 68% identical to Drosophila Cam. This high level of identity is comparable to the sequence similarity of Cams from very distant evolutionary orders. For example, the Cams of Saccharomyces cerevisiae and Saccharomyces pombe are only 60% and 74% identical, respectively, to vertebrate Cam (Davis et al., 1986; Takeda and Yamamoto, 1987) . However, biophysical and biochemical studies of this new protein (Martin et al., 1999) indicate that it is functionally distinct from Cam. In contrast to Cam, only three of the four putative metal binding sites appear functional and the af®nity of these sites for Ca 21 differs signi®cantly from the sites on Cam. Further, the Ca 21 -induced conformational change in the new protein is detectably different from that in Cam, and the protein shows limited af®nity for the Cam binding region of a much studied Cam target (myosin light chain kinase).
These ®ndings suggest that the new protein evolved to ful®l some speci®c Ca 21 -related functions distinct from those of Cam. We show here that the expression pattern of the protein supports this contention; it is expressed exclusively in the male germ-line, leading to the name Androcam (Acam). Acam shows a dynamic pattern of subcellular localization during spermatogenesis including association with a particular loop of the Y chromosome in early stages. Related proteins can be detected in other Drosophila species and in mammalian testes, suggesting conservation of Acam's roles in spermatogenesis and mature sperm function.
Results

Acam mRNA distribution: Acam expression is male germ-line speci®c
Developmental Northern blot analysis ®rst established that transcription of Acam is consistent with male gonadspeci®c expression. Thus, transcripts are limited to males, appearing in late third instar and increasing through pupal life to maximal levels in the adult (Fig. 1A) . Northern blots of dissected tissues from the male genitalia further established that transcripts are limited to the testis proper (and possibly the attached seminal vesicles) but are absent from other elements of the male reproductive tract (Fig. 1B) .
In addition to the 600 bp Acam transcript predicted by the original Acam cDNA (Fyrberg et al., 1994) , a minor transcript of 1.5 kb was detected on all RNA blots (Fig. 1 ). These two transcripts were always detected in approximately the same relative levels. Given that (i) Acam probes hybridize to a single chromosomal locus (region 96F, A. Lu and J. Bennett, unpublished observations), (ii) the Acam protein coding sequence contains no introns and (iii) only one form of Acam protein is present in the testis (see below), it is probable that the larger transcript encodes the same protein as the 0.6 kb mRNA. This transcript could arise from use of one of two potential non-traditional polyadenylation signals (AATAAG) (Anand et al. 1997 ) appropriately positioned in genomic DNA.
To de®ne further the expression site of Acam, in situ hybridization to intact testes and seminal vesicles was performed using sense and antisense RNA coding sequence probes. Acam transcripts were ®rst detected in cysts of primary spermatocytes which showed intense hybridization (data not shown). Acam transcripts persisted beyond meiosis in the tails of elongating spermatids, but were present at a lower level than in primary spermatocytes. Interestingly, this transcript localization pattern is different from that for Cam mRNAs. Cam transcripts are also intensely expressed in primary spermatocytes, but are undetectable in elongating sperm tails . This difference con®rms the speci®city of the hybridization probes used and may have functional signi®cance. No hybridization of Acam probes was ever detected in mature sperm in the seminal vesicle, indicating that by the ®nal stages spermatogenesis, Acam mRNAs have been completely lost. Over- Fig. 1 . Acam transcripts are male-speci®c and limited to the testis. (A) Total RNA (20 mg aliquots) from embryos (E), late third instar larvae (L3), unstaged pupae (P) and male (M) and female (F) adults were probed by Northern blot, using a genomic fragment containing the entire protein coding region. Given the sequence identity between Acam and Cam, it was necessary to generate antibodies that showed minimal cross-reactivity to Cam. Two polyclonal antisera, RU158 and RU159 were generated which ful®lled this requirement. Although both were af®nity-puri®ed (see Section 4) crude RU158 antiserum showed very high speci®city for Acam without puri®cation. Fig. 2 compares the speci®city of both antisera (after af®nity puri®cation) in terms of reactivity towards puri®ed recombinant Acam and Cam. We estimate that antisera RU158 and RU159 recognize Acam better than Cam by approximately 100-and 20-fold, respectively. The af®nity-puri®ed anti-Cam antisera used here (RC20, Andruss, 1997) has comparably high speci®city towards Cam as opposed to Acam (Fig. 2) .
Given the 20±100-fold preference of the Acam antisera for Acam over Cam, it was important to estimate the abundance of the two proteins in the testis, to establish whether this degree of selectivity was adequate for immunolocalization experiments. From Western blots calibrated with puri®ed Acam and Cam and probed with RU158 and RC20, we determined that the testes contains about three times as much Cam as Acam. Thus RU158 and RU159 could reveal the protein localization pattern of Acam with negligible interference from Cam. Both antisera were used in the immunolocalizations described below and gave identical results. Immunostaining for Cam in the testis revealed a rather uniform distribution of the protein throughout the various cell types with none of the speci®c localization features identi®ed by our Acam antisera (data not shown).
Immunolocalization of Acam during spermatogenesis
Strong Acam immunoreactivity ®rst appears in early to mid-stage primary spermatocytes, consistent with the mRNA hybridization pattern, and accumulates preferentially in`string'-like clusters adjacent to black`dots' devoid of Acam stain (Fig. 3a) . Co-staining experiments with Mitotracker, a dye speci®c for mitochondria, or anti-nuclear lamin antibodies established that both the black`dots' and the`strings' of Acam staining were within the nuclei of the primary spermatocytes (Fig. 3b,c) .
The Y chromosome loops are a prominent and unique feature of the primary spermatocyte nuclei. We tested the hypothesis that the nuclear Acam`strings' of staining represent Acam binding to the Y chromosome loops by examining Acam localization in males that lack a Y chromosome (X/O males). In testes from X/O males the`stringy' staining in primary spermatocyte nuclei is absent and instead, immunoreactivity is associated with small nuclear granules (Fig.  3d) . These granules are an abnormal feature of the primary spermatocyte nuclei in X/O males (Hardy et al., 1981) and at least one other epitope normally associated with the Y chromosome loops is known to accumulate in these particles (Bonaccorsi et al., 1988) . Males with 2Y chromosomes showed detectably stronger Acam nuclear staining (Fig.  3e) . The`stringy' staining thus represents Acam associated with the Y chromosome loops, and the nuclear black`dots' are almost certainly the prominent nucleoli present in primary spermatocytes.
The three Y loops, ks-1, kl-3, and kl-5, are generated from fertility regions on the short (ks-1) and long (kl-3 and kl-5) arms of the Y chromosome. To investigate which loops bind Acam we used X±Y chromosome translocations to generate males lacking one or two of the Y loop forming regions (see Section 4). Testes that lack either ks-1, or kl-5, alone, or in combination with kl-3, were examined. Acam is associated with the kl-3 loop since loop staining was observed when loop kl-3 was present (Fig. 3h,i) , but was undetectable when loop kl-3 was deleted (Fig. 3f,g ). As in X/O males, Acam immunoreactivity accumulates in abnormal nuclear granules when loop kl-3 is absent (Fig. 3f,g ).
Although Acam initially accumulates on the Y loops, as levels increase during primary spermatocyte growth, Acam accumulates to high levels in both the nucleoplasm and the cytoplasm. Signi®cantly, cytoplasmic levels are lower when a second Y chromosome is present (compare Fig. 3a with e) , perhaps re¯ecting the availability of additional Y loop binding sites. After meiosis, when the Y loops and large nucleoli are no longer present, Acam staining was distributed throughout most compartments of the secondary spermatocytes, but was excluded from the Nebernkern (`Onion skin'), the spherical giant mitochondrial derivative formed at this stage (Fig. 3j) .
Acam staining was strong in elongating sperm tails (Fig.  3k) , where the microtubular axoneme is assembled, suggesting that Acam might be exclusively associated with microtubular structures at this stage. Examination of testis squashes costained for Acam and tubulin established a difference in their localizations however. Although antiAcam and anti-tubulin antibodies showed an overlapping ®brous staining pattern, the tubulin immunoreactivity was more discrete, occupying a narrower width of the common ®bers (compare Fig. 3k with l) . We conclude that a signi®-cant fraction of the Acam present in elongating tails is not tightly associated with axonemal microtubules.
During spermatid individualization, excess cytoplasm is stripped from the sperm tails, and a`cystic bulge' of discarded materials moves along each spermatid bundle from the sperm heads to the tail tips. Acam staining ®lled the entire cystic bulge (Fig. 3m) , corroborating our conclusion that some Acam is free in the cytoplasm at this stage and demonstrating that some Acam is discarded during stripping. Cone-shaped structures (investment cones) are present at the posterior edges of the cystic bulges (Lindsley and Tokuyasu, 1980) . These structures of densely packed actin ®bers are thought to be associated with force generation for cytoplasmic stripping. As the cones move up the spermatid bundle, they are intimately interleaved with short trailing strands of residual cytoplasm. Acam and actin immunostaining were found to overlap at the periphery of the investment cones, particularly at the anterior cone edge adjacent to the cystic bulge (Fig. 3m) , but whether this re¯ects the presence of Acam in the interwoven cytoplasmic strands or a molecular interaction of Acam with actin in the investment cones is impossible to tell at this resolution.
In round and elongating spermatids the nucleus is adjacent to the Nebenkern and is a similarly sized structure. Acam continues to be present in the nuclei during these stages, since only one`Acam blank' structure (the Nebernkern) was detected in these cells. Thus, it was of interest to investigate whether Acam remains in the nuclei after the dramatic condensation in late spermatogenesis. Co-staining for Acam and DNA established that in the most mature clusters of sperm there was no overlap of Acam and DNA localization (Fig. 3n) . Although this could indicate that Acam is excluded from the nuclei during chromatin condensation, our ®nding of Acam in mature sperm (see below) leaves open the possibility that the relevant epitopes on Acam are masked in the mature sperm nucleus.
Detection of Acam in mature sperm
Using immunostaining, Acam was never detected in seminal vesicles containing mature sperm. Further, we often detected elongating spermatid bundles in the testis that stained barely, if at all, for Acam (Fig. 3o) . These may represent bundles that have already undergone individualization since where examined, Acam staining appeared absent after passage of the investment cones. Thus, one interpretation is that all Acam is stripped from the sperm as maturation proceeds. However, Acam was detectable in isolated seminal vesicles by Western blotting (data not shown) suggesting instead that Acam is present in mature sperm but that the relevant epitopes are not accessible for immunostaining. To rule out possible contamination of seminal vesicle lyates with testicular material, we performed Western blot analysis of the sperm storage organs from mated and control virgin females. As shown in Fig. 4 , Acam was clearly present in storage organs from mated, but not virgin, females, demonstrating de®nitively the presence of Acam in mature sperm.
In Drosophila, the entire sperm enters the mature egg at fertilization (Karr, 1991) and the sperm tail is retained, coiled up, in the embryonic anterior until gastrulation. Given that Acam is present in mature sperm, we speculated that Acam might be transiently accessible for immunostain-ing in early embryos during¯agellar disassembly. However, in experiments using Acam antisera and a control antiserum that readily stains the internalized sperm tail (DROP1.1) we were not able to detect Acam staining in 0±30 min embryos.
Acam homologs in other species
We used our anti-Acam and anti-Cam antibodies to probe for Acam homologs in other species. Proteins of the appropriate molecular size that cross-reacted with Acam anti-sera but not Cam-antisera were readily detectable on Western blots of testes lysates from D. yakuba and D. virilis, species separated from D. melanogaster by 15 and 60 million years of evolution, respectively (Powell and DeSalle, 1995) . The D. yakuba protein was also shown to be male-speci®c (data not shown). We also searched for homologs in the more evolutionarily distant animal, the mouse. We established that the non-af®nity-puri®ed RU158 antiserum can detect a non-Cam protein of appropriate molecular size in lysates of mouse testis, indicating the presence of a protein more related to Acam than Cam. Further, we were able to speci®cally immunoprecipitate this protein from mouse testis extracts without concomitant precipitation of Cam (Fig.  5) . Cardiac/slow twitch skeletal troponin C(cTnC) is approximately 40% similar to Acam and a form of cTnC is expressed in the testis (Slaughter and Means, personal communication). However, we eliminated the possibility that the putative mouse Acam homolog was cTnC by studies with pure recombinant cTnC. Thus, cTnC proved to have a different electrophoretic mobility and negligible cross-reactivity to RU158.
Discussion
Acam transcription in the male germ-line
Our mRNA expression analyses establish that Acam is speci®cally expressed in the male germ-line, with transcription initiating during primary spermatocyte growth. Given the limited transcription after male meiosis (reviewed in Fuller, 1993; Scha Èfer et al., 1995) , the primary spermatocyte stage is a period of intense activity when the mRNAs for most proteins required later in spermatogenesis are generated. The transcription of Acam during this phase is thus not unusual but does not necessarily imply a function for Acam at this point. Indeed, transcripts generated from many genes during this period are translationally repressed until a later stage (Scha Èfer et al., 1995) . Our ®nding that Acam transcripts remain high in elongating sperm tails, whereas Cam transcripts do not, supports the notion that some of Acam's functions are performed late in spermatogenesis.
Accumulation of Acam on Y loop kl-3
Our immunolocalization experiments demonstrate that Acam transcripts are not translationally repressed, and that Acam accumulates to high levels in primary spermatocytes. The initial site of accumulation is nuclear, predominantly on Y chromosome loop kl-3. The pattern of localization in wild-type cells and the increased loop/decreased cytoplasmic accumulation of Acam in X/YY males suggests that Acam has high af®nity for a limited number of sites on , which is present in the sperm storage organs of mated females and absent from virgins, can be identi®ed. Note that the high molecular weight band seen in the Acam sample is an Acam dimer, produced by crosslinking at its single cysteine, which disappears when additional DTT is added. The lower bands are minor degradation products. loop kl-3 and that when these sites are saturated, Acam accumulates throughout the cytoplasm and the nucleoplasm.
Acam is small enough (16.7 kDa) to enter the nucleus by passive diffusion (Paine and Feldherr, 1972) . Its association with Y loop kl-3 was unexpected, however. The function of the Drosophila Y chromosome loops has been debated since their discovery almost 40 years ago (Meyer et al., 1961) . The loops are transcriptionally active and at least one of them (kl-5 and its analog the`Threads' loop of D. hydei) is now known to encode a bona ®de gene for a testis-speci®c dynein heavy chain (Gepner and Hays, 1993; Kurek et al., 1998 Kurek et al., , 1999 . Nevertheless, much of the loop transcription is of repetitive, non-coding, DNA sequences (Bonaccorsi et al., 1990 ) suggesting function(s) other than mRNA generation.
Several proteins are known to associate speci®cally with particular Y loops and three of these proteins are implicated in RNA processing, transport, or function. Antibody S5, whose antigen is a minor hnRNA associated protein (Risau et al., 1983) , speci®cally decorates loops kl-5 and ks-1. RB97D, a member of the RRM family of RNA binding proteins (RBPs) and Boule, a member of the DAZ family of RBPs, both speci®cally label loop ks-1 (Heatwole and Haynes, 1996; Cheng et al., 1998) . These observations could suggest that Acam associates with loop kl-3 to perform some RNA processing/chromatin-associated function. However, binding of Boule to loop ks-1 is not required for its role in meiosis (Cheng et al., 1998) , suggesting that even for a known RNA binding protein, Y loop association does not necessarily imply an essential function at the loop site.
The Y chromosome loops of primary spermatocytes are found only within the Genus Drosophila which is also distinguished by the enormous length of the sperm tail (1.8 mm in D. melanogaster). Given the limited transcription beyond meiosis, the production of proteins for these long tails must be addressed during the primary spermatocyte stage. An unusual role for the Y loops has thus been proposed;-that they are used for compartmentalized accumulation of proteins that will be in high demand durinḡ agellar synthesis (Hulsebos et al., 1984; Kremer et al., 1986) .
The two other known examples of proteins speci®cally associated with particular Y loops, tend to support this axoneme protein storage model for Y loop function. In each case, the protein in question is found initially on the loop and then later in elongating sperm tails. Thus an antiserum (sph-155) raised against a D. hydei testis-speci®c protein, speci®cally stains the`pseudonucleolus' Y loop in D. hydei (Hulsebos et al., 1983 (Hulsebos et al., , 1984 and the kl-3 loop in D. melanogaster (Bonaccorsi et al., 1988) and later accumulates in the growing¯agella and similarly, an antiserum against a 53 kDa testis-speci®c protein of D. melanogaster (kl3lp1) also stains the kl-3 loop and then the elongating sperm tails (Pisano et al., 1993) . Although kl3lp1 was originally believed to be a tektin (¯agellar proteins ®rst found in sea urchin sperm), this protein has recently been shown to be a leucine aminopeptidase (LA peptidase) (Gatti, 1995) . The molecular nature of the sph-155 antigen remains unclear since many protein bands from wild-type testis are immunoreactive on Western blots (Hulsebos et al., 1984) . However, the presence of sph-155 immunoreactivity in spermatocytes of X/0 males indicates that, as for kl3lp1, the protein(s) is not encoded by the Y chromosome.
The behavior of Acam shows striking parallels with the sph-155 epitope and kl3lp1, suggesting that the Y loop accumulation of Acam represents a storage function. Like these other proteins, (i) Acam is not encoded by the Y chromo- Fig. 5 . Immunoprecipitation of an Acam-related protein from mouse testis. Acam antiserum RU158 was used to immunoprecipitate cross-reacting species from a high salt extract of mouse testes (see Section 4). insol., insoluble pellet after salt extraction (1/30th total); ppt., immunocomplexes precipitated by RU158 from salt extract (1/5th total); sup., material left in salt extract after RU158 incubation (1/30th total). Acam, pure recombinant Acam (10 ng); Cam, pure recombinant Cam (100 ng). The blot was probed ®rst with crude anti-Acam antiserum RU158 and then with puri®ed anti-Cam antiserum, RC20. Vertical arrows indicate a protein species that is speci®cally immunoprecipitated by RU158 but does not cross-react with anti-Cam antisera.
some, (ii) Acam is present in elongating sperm tails and (iii) Acam accumulates speci®cally on loop kl-3. It has further been suggested that the Y loops are not just passive storage sites, but are loci for active assembly of protein complexes destined for rapid integration into the axoneme (Hennig and Kremer, 1990) . It is tempting to speculate therefore that a complex involving all three of these proteins is formed on kl-3. Like Acam antisera, the sph-155 antiserum bound to abnormal protein aggregates in the nuclei of X/O males (Hulsebos et al., 1984; Bonaccorsi et al., 1988) , further suggesting a close association between Acam and the sph-155 epitope.
Although only six proteins that bind to speci®c Y loops have been identi®ed so far, their distributions could indicate that different functions are performed by the individual loops. Thus, to date the only proteins speci®cally associated with loops kl-5 and ks-1 appear to have RNA-related roles, but all three proteins speci®cally associated with loop kl-3 ®t the axoneme protein`storage/assembly' model. These observations may be the ®rst indication that only loop kl-3 is used for storage/assembly of complexes destined for thē agellum.
Acam localization and function at later stages
The presence of Acam protein through most stages of spermatogenesis, and its subcellular localization pattern, suggest that Acam, like Cam, has a number of functions. Immunoelectron microscopy will be necessary to determine de®nitively whether the overlap of Acam and actin staining at the periphery of the investment cones re¯ects a close association of Acam with actin ®bers. Such an association would suggest a role for Acam in regulating an actin-based motor, comparable to the regulation of unconventional myosins by Cam (Cheney and Mooseker, 1992) . Interestingly, the single known Drosophila myosin heavy chain gene produces an alternatively spliced product, myosinrelated protein (MRP), that is strongly expressed in the male germ-line and co-localizes with actin in the investment cones (Miedema et al., 1995; D. Standiford, personal communication) .
The presence of Acam in elongating sperm tails could suggest a role in axoneme assembly. Although Acam immunoreactivity later disappears from sperm tails, given the extreme length of the mature¯agellum and our ready detection of Acam in mated females, it seems likely that most, if not all, of the Acam in mature sperm is associated with the sperm tail. If so, Acam may prove functionally analogous to the¯agellum-speci®c Cam isoform of Naegleria species (Fulton et al., 1986) . Ca 21 is known to regulate¯agellar motility and Cam-regulated enzymes are implicated in these processes (Blum et al., 1980; Tash et al., 1988) . However, Brokaw (1987) has provided evidence that in sea urchin sperm, additional Ca 21 sensor proteins are required to regulate¯agellar beating. Interestingly, the Ca 21 binding properties of Acam (Martin et al., 1999) are such that it could be one of these additional Ca 21 sensors. Some of the Acam in mature sperm could be associated with the sperm head and play a role in the acrosome reaction, a process known to require Ca 21 in¯ux (reviewed in Alberts et al. 1989) . In D. melanogaster, the entry of the entire sperm into the egg allows certain products essential to embryogenesis to be acquired via the mature sperm. Acam could be such a`paternal effect' gene product. Identi®cation of binding targets for Acam should provide insight into its various roles. A number of testis-speci®c proteins that are incorporated into the sperm tail have been identi®ed (Kuhn et al., 1991; Santel et al., 1997) . In addition to the LA peptidase described above, these proteins are among the candidate targets of Acam.
Acam homologs in other species
Our cross-reaction studies indicate that Acam is conserved in widely divergent Drosophila species and in even more evolutionarily remote organisms such as mammals. A precedent for conservation of male fertility factors between Drosophila and humans has been established. Thus Boule, a D. melanogaster protein essential for male fertility has proved to be a homolog of the human Deleted in Azoospermia factor (Eberhart et al. 1996) . Together with the evidence that specialized Ca 21 sensors are present in sea urchin sperm (Brokaw, 1987) , our data raise the possibility that an Acam-like protein is required for sperm formation and function in all evolutionary orders. Thus, in comparable crosses, sons carrying only the kl-5 region or the ks-1 and kl-3 regions are generated.
Northern blot analysis
RNA was prepared using Trizol (Life Technologies). RNA blots were prepared as described for GeneScreen (Dupont). RNA was crosslinked to the membrane with a UV Stratalinker 2400 (Stratagene). Membranes were stained with methylene blue and the 3 rRNA bands (18S, and 28S RNA a and b fragments) used to assess loading and integrity (Kovalick and Beckingham, 1991) . DNA fragments were 32 P-labeled by random priming (Promega). Probes were hybridized as recommended for GeneScreen. Hybridization to ribosomal protein rp49 mRNA (O'Connell and Rosbash, 1984) was sometimes used as a loading control. Blots were exposed to phosphoimager plates (Fuji) or Kodak ®lm at 2808C as required.
In situ hybridization
Digoxigenin (DIG)-labeled sense or antisense RNA probes (Boehringer-Mannheim) for a 430 bp coding region fragment from an Acam cDNA (Martin et al., 1999) were used for all in situ RNA analysis as described by Tautz and Pfei¯e (1989) with modi®cations (Lu, 1998) .
Anti-Acam antiserum generation and af®nity puri®cation
We have previously puri®ed recombinant Acam protein in milligram quantities (Martin et al., 1999) . Two Acam preparations were used to raise high-titer, highly speci®c polyclonal antisera in rabbits. RU158 antiserum was prepared against unmodi®ed Acam and RU159 was generated using Acam oxidized with performic acid (Van Eldik and Watterson, 1981) . Antisera were generated by standard protocols at Cocalico Biologicals. Acam-Sepharose resin was used to harvest high af®nity, Acam-speci®c antibodies (Harlow and Lane, 1988) . After elution from Acam-Sepharose with 3 M NaSCN and dialysis against PBS at 48C, batch treatment with Cam-agarose resin (Sigma) was used to remove antibodies with a high af®nity for Cam.
Western blot analysis
Tissue samples were boiled in sodium dodecyl sulfate (SDS) loading buffer (50 mM Tris (pH 6.8), 10 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) for 10 min, then resolved on 15% SDS±polyacrylamide gels and transferred to PVDF membranes (Bio-Rad) electrophoretically (Hulen et al., 1987) . Pure Cam and Acam, prepared as previously (Maune et al., 1992; Martin et al., 1999) were boiled in loading buffer and run in parallel lanes. The electrophoretic mobilities of Acam and Cam are altered by Ca
21
. In most experiments, electrophoresis was in the presence of 1-5 mM CaCl 2 . In some experiments, 10 mM EDTA was added to the loading buffer to convert Cam or Acam to the Ca 21 -free forms (see Fig. 4 ). Blot analyses were as described by Hulen et al. (1987) . Peroxidase conjugated goat-anti-rabbit-IgG (Vector Labs) was used as the secondary antibody. Suitable dilutions of antisera were determined empirically. A chemiluminescence system (Pierce) was used for signal detection. Blots were stripped by incubating in 50 mM Tris (pH 6.8), 100 mM b -mercaptoethanol, 2% SDS for 30 min at 378C.
Immunolocalization and co-localization
Tissue was ®xed in 5% paraformaldehyde in PBS. After washing in BBX (PBS, 0.3% Triton X-100, 0.1% bovine serum albumin) for 1 h with four changes, tissue was incubated with a suitable antibody dilution overnight at 48C. After 3 £ 10-min rinses with BBX, then BBX plus 2% goat serum, samples were incubated with goat-anti-rabbit uorescein isothiocyanate (GAR-FITC) (Jackson) (1:500 dilution) for 2 h in the dark. From this point, all steps were performed in the dark. Secondary antibody was preabsorbed against ®xed gonadal tissue prior to use. After 3 £ 10-min rinses in PBX (PBS, 0.3% Triton X-100), and 2 £ 5-min rinses in PBS, samples were mounted in Vectashield (Vector Labs). For actin co-localization, samples were given one additional 10-min wash after GAR-FITC staining and incubated with phalloidin-rhodamine (Molecular Probes) (Orsulic and Peifer, 1994 ) (diluted 1:20 in PBX) for 20 min. For Acam-DNA co-staining, 400 mg/ml DNasefree RNase A was added during the GAR-FITC incubation, and after rinsing in PBX, samples were incubated with 10 mg/ml propidium iodide in PBS for 20 min (modi®ed from Orsulic and Peifer, 1994) . Undiluted mouse monoclonal anti-lamin antibody was mixed with a suitable dilution of anti-Acam antiserum. Horse-anti-mouse-Texas-Red was used as the secondary antibody along with GAR-FITC. For Acam-mitochondria co-staining, tissues were incubated in 25 nM MitoTracker Red CMXRos (Molecular Probes) for 15 min in insect culture medium before proceeding with Acam immunostaining. For Acam-microtubule co-staining, 1:500 mouse anti-tubulin antibodies (Jackson) and antiAcam antiserum were used together as primary antibodies and 1:500 horse-anti-mouse-Texas-Red (Jackson) and GAR-FITC were used together as the secondary antibodies. The buffer used to wash tissues before incubation and to dilute secondary antibodies contained both 2% normal goat serum and 2% normal horse serum. Immuno¯uores-cence was analyzed by confocal microscopy with a Zeiss LSM410 microscope.
Immunoprecipitation of the mouse Acam homolog
Adult mouse testis was homogenized in 1 ml high-salt extraction buffer (10 mM Tris (pH 7.5), 40 mM Na 2 HPO 4 , 1% Triton X-100, 500 mM NaCl, 1 mM EGTA, 0.1 mM bmercaptoethanol) with 40 mg/ml leupeptin, 0.1 unit/ml aprotinin, and 0.1 mM phenylmethylsulfonyl¯uoride. The pellet, after centrifugation at 80 000 £ g for 30 min at 48C, was dissolved in SDS loading buffer and boiled for 3 min. 200 ml of the supernatant was pre-cleared for 10 min with 50 ml of protein A-agarose beads (Boehringer-Mannheim). 20 ml of crude RU158 Acam antiserum was added, and the sample was incubated for 1 h at room temperature and 4 h at 48C. 200 ml of protein A-agarose beads were added, and the sample was incubated for 1 h at room temperature and overnight at 48C. The beads were then pelleted, given 5 £ 5-min washes with extraction buffer, and boiled in SDS loading buffer for 10 min.
